PdCu catalysts play a key role in several hydrogen-involved processes. Among these reactions, the interaction of hydrogen with PdCu essentially determines the catalytic performance. However, the response of PdCu to surrounding hydrogen has been poorly investigated, especially for specific facets of PdCu at different environment. In this work, taking temperature and hydrogen pressure into account, we studied the hydrogen-surface interactions for four low-index surfaces of PdCu through first-principles calculations. It was found that H-PdCu adsorption strong relies on the facets, hydrogen coverage, and reaction environment (temperature and H-pressure). Our work highlights the importance of the environment on the nature of catalyst surfaces and reactions and offers a plausible way to investigate the interactions between gas and the surfaces of nanocatalysts in real reactions.
Introduction
Bimetallic systems, as selective catalysts that aim to combine the different chemical properties of various metals toward a given chemical reaction [1] [2] [3] , have been extensively used for hydrocarbon reforming in the petrochemical industry [4] [5] [6] . Among these binary systems, PdCu is a versatile catalytic system [7] , which has potential applications in alkene oxidation [8] , ethanol decomposition [9] , CO oxidation and NO reduction [10] . In particular, it plays a key role in several hydrogenbased processes, including hydrogen purification, hydrogenation (CO, benzene, toluene, etc.), dehydrogenation, and methane steam reforming [9, [11] [12] [13] . For these processes, hydrogen is extensively involved and the interaction between PdCu catalysts and hydrogen significantly influences the catalytic activities, thus it is of great technical significance to fully understand the response of PdCu to surrounding hydrogen, which up to date, is poorly understood.
To clarify the H-catalyst interaction under various environments, well-defined catalysts and accurate controlling of reaction temperature and pressure are essential but very challenging. In recent years, firstprinciples calculations provide a theoretical approach to understand the performance of metal alloys in H 2 -involved reactions. These approaches, based on plane wave density functional theory (DFT), are well established for exploring the behaviors of H on the surfaces and interstitial sites of pure metals, ordered intermetallics, disordered alloys, and metal hydrides [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In the case of Pd-Cu alloys, Kamakoti and Sholl examined the H solubility, diffusion and permeability [29, 30] , and the results are well consistent with the experimental measurements [31] . Sousa and co-workers investigated the interaction of molecular hydrogen with PdCu (111) surface and pointed out that electronic or ligand effects do play an important role in the activity [32] . It should be noted that all of these studies were based on one facet structure and did not consider the influence of temperature and hydrogen pressure, though the activities of catalysts deeply depend on the facets of catalysts and the environment of reactions.
Herein, taking the temperature and hydrogen pressure into account, we studied the hydrogen-surface interactions of four low-index surfaces of PdCu alloy through first-principles calculations. It was found that the composition of PdCu surfaces depend on gas pressure. The favorable adsorption sites of four low-index facets were identified, which would vary in different coverage of hydrogen. We also discussed the hydrogen interactions with PdCu surfaces at specific temperature and pressure by considering the chemical potential of hydrogen.
Computational methods
DFT calculations [33] were carried out using a plane wave based program, the Vienna AB Initio Simulation Package (VASP) [34] , to explore the interaction of H with PdCu ordered alloy surfaces. All calculations were performed using generalized gradient approximation with the Perdew-Wang 91 exchange-correlation functional [35] , and an energy cutoff of 400 eV, for both the initial structural relaxations as well as the final static (single point) calculations to determinate the specific surface free energies and Gibbs free energies. Structural optimizations were conducted until residual forces fell below 10 −5 eV for final static calculations. A Г-centered grid of 5 × 5 × 1 k points was used to sample reciprocal space without spin polarization. Absorbed hydrogen can reside in the bridge site (B), hollow site (H), or top site (T) in PdCu ordered alloy. The route to compute surface energies for clean and hydrogen adsorbed surfaces has been well developed earlier [36] [37] [38] , as summarize the essential concepts here. The surface energy γ clean for a clean slab is
thereby, the slab model exposes a surface area of S on either side, and attains a DFT energy of E PdCu slab . To simplify the calculation, we fixed one side of the model and calculated hydrogen atoms adsorbed on another side of the model. The surface energies γ ads for H adsorbed on one side of the model were calculated in an analogous way, using total energy calculations on the relaxed surface slabs described in the results and discussion section, and the expression
where E PdCu bulk denotes the computed total energy of bulk PdCu.
is the total energy of the slab with adsorbed H on one side of the model, and contains the total energy of bulk PdCu, the energy of the clean surface, the energy of the adsorbed surface, and the chemical potential of H. N is the number of adsorbed H atoms, and μ H is the chemical potential of H.
To evaluate hydrogen-surface systems, we calculated the Gibbs free energy G ads as
The negative Gibbs free energies indicate stabilizing surface-hydrogen interactions. Where E PdCu slab is the total energy of the clean slab.
Usually the precise values of μ H cannot be determined, and it is reasonable to give a value range, depending on the gas pressure and specified temperature, which can be defined as
where E H2 is the total energy of an isolated H 2 molecule. Based on the strategy to obtain G ads as a function of the H chemical potential, the remaining task is to relate the latter to a given temperature T and pressure p [38] .
Results and discussion

Modeling the PdCu surfaces
DFT calculations are used to study the behaviors of adsorption of hydrogen on the (100), (111), (110), and (112) surfaces of PdCu ordered alloy. These surfaces have been constructed using two-dimensional slabs, comprising 1 × 1 surface super-cells with a minimum of 9 at. layers and 16 Å of vacuum space. As for the (110) and (112) facets, there is only one surface slab model which we use to calculate the interaction of hydrogen with PdCu alloy surfaces. In contrast, two different surfaces with Pd termination (labeled Pd) and Cu termination (labeled Cu) have been cleaned from the bulk PdCu ordered alloy for both (001) and (111) surfaces. Therefore, we need to calculate these two surfaces with and without H to decide which one is thermodynamically viable for the following calculations for hydrogen adsorption. Here, three different active sites, i.e., hollow (H), bridge (B), and top (T), for hydrogen adsorption on these PdCu slab models have been considered, as shown in Fig. 1 Table 1 , an opposite result is obtained that Pd-terminated surfaces are more thermodynamically stable at all adsorption sites compared with Cu-terminated surfaces. These results suggest that hydrogen extremely influences the composition and structure of PdCu surfaces. Our computations agree well with previous studies that the surface is enriched in Cu for clean particles, but with adsorbed hydrogen and CO there is a segregation reversal from Cu segregation at low coverage to Pd segregation at high coverage [39] . Since surfaces with Cu termination are less stable than surfaces with Pd termination in the presence of adsorbed hydrogen, the interaction of hydrogen with Cu-terminated surfaces is not considered in this work.
Hydrogen adsorption at different facets
With a full set of PdCu surface models at hand, we now turn to study the hydrogen-surface interactions. For above quick screening of surface terminations, a 1 × 1 model in Fig. 1 is employed for a fast determination of the favorable surfaces. Now to get a better result, we employed a 2 × 2 periodic PdCu ordered alloy slab separated by 16 Å vacuum to calculate the adsorption interactions of hydrogen with four surfaces. We started with the adsorption of one hydrogen atom with the surfaces to find the most stable adsorption sites for different facets. Fig. 2 shows the slab models and hydrogen adsorption sites for the (100), (111), (110), and (112) surfaces. Our calculations predict that the hollow sites (H) are the most favored adsorption sites for the (100), (110), and (112) surfaces. As for the (111) surface, the most stable site is the bridge site (B) (see the Supporting Information for details, Table  S1 ). These results suggest that different facets of PdCu may have different favorable adsorption sites. Table S2 ).
Until now, we have neglected the influence of hydrogen coverage that the adsorbed hydrogen atoms may prevent or promote the adsorption of the following hydrogen. In this part, by taking the coverage of adsorbed hydrogen into account, we calculated the favorable adsorption sites of PdCu surfaces. Here, we just take the favorable adsorption sites for the (001) facet as an example though all of the four facets were calculated (see Supporting Information, Table S2 ). As shown in Fig. 3 , for the adsorbed hydrogen, the preferred site is the hollow site. When two hydrogen atoms are placed on the surface, they prefer to be adsorbed in the top sites. As for three hydrogen atoms, three hollow sites are demonstrated to be most stable. Finally, we calculated four adsorbed hydrogen atoms, and the favorable sites are four bridge sites. Clearly, these results indicate that the coverage of adsorbed hydrogen dramatically influences the preferred adsorption sites for the (001) facet. It is worth pointing out that the existence of adsorbed hydrogen would influence the specific adsorption sites for the latter adsorbed hydrogen atoms by changing the electronic structure of PdCu surfaces. In other words, the adsorption of hydrogen with PdCu surfaces deeply depends on the coverage of hydrogen. Such result indicates that the coverage can affect the active sites for catalysis.
It should be noted that the coverage of hydrogen is closely related to the Gibbs free energies of hydrogen for different surfaces. Fig. 4a shows that the Gibbs free energies decrease with the increase of hydrogen atoms and the favorable numbers of adsorbed hydrogen are four for all these four facets. Basically, hydrogen prefers to be adsorbed in the PdCu (110) facet except for the case of four adsorbed hydrogen atoms. How do the adsorbed hydrogen atoms influence the adsorption of following hydrogen atoms with surfaces? As shown in Fig. 4b , the Gibbs free energy per hydrogen atom at different coverage of hydrogen is calculated. It is found that the Gibbs free energies of the (110) and (112) facets increase with increasing the number of hydrogen atoms, because the adsorbed hydrogen atoms prevent other hydrogen to be adsorbed, resulting in less stable adsorption for high coverage of hydrogen atoms (four adsorbed hydrogen atoms). As for the (001) and (111) facets, even if they both possess a Pd-terminated surface, they exhibit a rather different reactivity toward hydrogen atoms. It can be seen that the (001) facet with four hydrogen atoms is thermodynamically most stable, which indicates that the adsorbed hydrogen atoms help to adsorb the following hydrogen atoms. However, for the (111) facet, adsorbing two hydrogen atoms is the most preferred configuration. These results show that different facets exhibit different reactivity toward hydrogen atoms, which is determined by the composition, coordination, and electronic structure of the surfaces.
Surfaces-hydrogen interactions at specific environment
It should be mentioned that the above calculations from Eq. (3) were based on a constant µ H . In this part, considering the different chemical potential of hydrogen at different environment (temperature and pressure), we studied the hydrogen interactions with PdCu surfaces by including Eq. (4). The calculated results are plotted in Fig. 5 , which show the Gibbs free energies for the four low-index facets with different coverage of hydrogen varying with µ H ′. It can be seen that the Gibbs free energies of all these four facets decrease with increasing the µ H ′. Note that there is a specific number of adsorbed hydrogen atoms at a given µ H ′ for each facet. We take the (001) facet as an example to discuss the effect of temperature and pressure for the hydrogen interaction with surfaces. The favorable number of adsorbed hydrogen atoms is four when the µ H ′ is −0.16 eV, −0.22 eV, and −0.46 eV, as shown in Fig. 5a . However, it preferred to adsorb one hydrogen atom on the (001) surface at µ H ′ = −0.60 eV. It should be noted that the specific µ H ′ corresponds to a pair of pressure and temperature when considering the environment (refer to the Supporting Information, Table S3 ). For example, at room temperature (298.15 K), for the case of 1 bar (µ H ′ = −0.16 eV) and 0.01 bar (−0.22 eV), adsorbing four hydrogen atoms are favorable. When the temperature is raised to 700 K, the preferred number is also four at 1 bar hydrogen (−0.46 eV). However, if we decrease the pressure to 0.01 bar (−0.60 eV), adsorbing only one hydrogen atom is the most stable for the (001) surface. Such results are dramatically different from those observed in Fig. 4a where Fig. 5 . Gibbs free energies for four low-index PdCu surfaces with varying coverage of hydrogen using µ H ′ as an axis (detailed values are shown in Supporting Information, Table S4 ). (a) We choose (001) surface as an example to discuss the effect of µ H ′ for the hydrogen interaction with surfaces. Taking µ H ′ values as −0.16 eV, −0.22 eV, −0.46 eV and −0.60 eV to explain specifically. the preferred numbers are four for all cases, which indicates that the most favorable number of adsorbed hydrogen depends on the reaction environment, i.e., the temperature of reactions and the pressure of hydrogen.
Conclusions
The first-principles calculations for the interactions between hydrogen and four low-index surfaces of ordered PdCu alloy we have been performed. It is found that (1) The surfaces are enriched in Cu for clean surfaces, but in the presence of adsorbed hydrogen the surfaces are enriched in Pd. (2) The hollow sites are the most favored adsorption sites for the (100), (110), and (112) surfaces, but for the (111) surface, the most stable site is the bridge site. (3) When considering the coverage of hydrogen, the same facet also has different favorable adsorption sites and Gibbs free energies. (4) The coverage of hydrogen changed with the temperature of reactions and the pressure of hydrogen. These results indicate that the interaction between hydrogen and bimetallic surfaces is deeply influenced by the environment and pave the way to study the interaction of gas with surfaces of other nanocatalysts.
